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DESCRIPTION 



_ CIRCUIT BOARD, METHOD OF PRODU CING SAME, AND P OWER MO DULE 



The present invention relates to a power module, as well as a circuit board used in 
a power module, and a method of producing the circuit board. This technology is 
particularly applicable to the power modules for high-reliability inverters used in HEV 



BACKGROUND ART 

Conventionally, the semiconductor devices used in power modules and the like 
use circuit boards in which a conductive layer of Cu or Al, and a heat radiating plate are 
formed on the front and rear surfaces of a ceramic substrate consisting of alumina, 
beryllia, silicon nitride or aluminum nitride or the like. This type of circuit board enables 
a high level of insulation to be obtained in a more stable manner than composite 
substrates formed from a resin substrate and a metal substrate, or resin substrates. 

In those cases where the conductive layer and the heat radiating plate are Cu, the 
generation of thermal stress caused by the differing levels of thermal expansion of the 
ceramic substrate and the solder is unavoidable, and as a result, the long term reliability 
tends to be unsatisfactory. In contrast, in those cases where the conductive layer and the 
heat radiating plate are Al, although the thermal conductivity and electrical conductivity 
are inferior to those of Cu, the Al can readily undergo plastic deformation if exposed to 
thermal stress, enabling the thermal stress to be alleviated, and as a result, the reliability 
is superior. 



TECHNICAL FIELD 



(Hybrid Electric Vehicles) and the like. 



Japanese Unexamined Patent Application, First Publication No. 2001-53199 and 
Japanese Unexamined Patent Application, First Publication No. Hei 8-335652 disclose 
related technology. 

In order to bond rolled Al plates to both surfaces of an insulating ceramic, 
5 bonding must be conducted at a high temperature of at least 500°C, using a brazing 
material. In such cases, following the brazing process, warping can develop when the 
structure is returned to normal temperatures, and this warping can cause problems in the 
circuit board production process and the assembly process used for producing power 
modules. 

10 As shown in FIG. 3 A, it is thought that the cause of this warping is the Al crystals 

within the conductive layer growing overly large during the brazing process. If the 
crystal grain diameter becomes overly large, then anisotropy develops in the mechanical 
characteristics of the conductive layers formed on both surfaces of the insulating ceramic 
substrate, and the resulting unbalanced stresses cause warping. In those cases where 

1 5 conductive layers are bonded to both the front and rear surfaces of an insulating ceramic 
substrate, the two conductive layers are preferably of the same thickness in order to 
ensure better stress balance. 

The grain diameter of Al crystals can be controlled by increasing the quantity of 
added elements, although as the quantity of added elements increases, the ability of the 

20 Al to alleviate stress is reduced. As a result, if the 0.2% proof stress value or the work 
hardening coefficient of the Al exceed certain reference values, then when, for example, - 
40°C to 125°C temperature cycle testing is conducted, the ceramic substrate may develop 
cracking. 
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The present invention takes the above circumstances into consideration, with an 
object of reducing circuit board warping, and preventing ceramic substrate cracking. 

DISCLOSURE OF INVENTION 
5 A circuit board of the present invention comprises conductive layers bonded to 

both surfaces of an insulating ceramic substrate, wherein the conductive layers comprise 
at least 99.98% by mass of aluminum, and display an average crystal grain diameter that 
falls within a range from 0.5 mm to 5 mm, and a standard deviation a of the crystal grain 
diameter of no more than 2 mm. 
10 The crystal grain diameter of a conductive layer can be measured by etching the 

surface of the conductive layer with an aqueous solution of NaOH, HF or Ga or the like, 
and once the macro structure of the conductive layer has been exposed, inspecting the 
structure using an optical microscope or an electron microscope (SEM). 

The conductive layers may use a rolled material comprising 20 ppm or more of 
15 each of Cu, Fe and Si. The conductive layers may be rolled with a draft of at least 15%. 
In such cases, abnormal growth of the Al crystals can be suppressed, enabling a reduction 
in the variation of the crystal grain diameter. 

The surface area of the crystal with the maximum crystal grain diameter 
preferably accounts for no more than 15% of the surface area of the insulating ceramic 
20 substrate. In such cases, the effect of the present invention in preventing anisotropy of 
the mechanical characteristics of the conductive layers is particularly strong. 

The insulating ceramic substrate may be formed from at least one of AI2O3, A1N 
and Si 3 N 4 . The conductive layers may be bonded to the insulating ceramic substrate 
using a brazing material. The brazing material may be one or more materials selected 
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from a group consisting of Al-Si based materials, Al-Ge based materials, Al-Mn based 
materials, Al-Cu based materials, Al-Mg based materials, Al-Si-Mg based materials, Al- 
Cu-Mn based materials, and Al-Cu-Mg-Mn based materials. In such cases, the bonding 
between the conductive layers and the insulating ceramic substrate is favorable. 
5 A power module of the present invention comprises a circuit board described 

above, and a heat radiating plate for supporting the circuit board. At least a portion of a 
conductive layer of the circuit board may be bonded to the heat radiating plate using a 
brazing material with a lower melting point than the above brazing material. 

A method of producing a circuit board according to the present invention 

10 comprises the steps of positioning a conductive layer comprising at least 99.98% by mass 
of aluminum on top of an insulating ceramic substrate with a brazing material disposed 
therebetween, pressure welding these components using a pressure within a range from 
50 kPa to 300 kPa, and bonding the conductive layer and the insulating ceramic substrate 
together via the brazing material by heating to a temperature of at least 600°C in either a 

15 vacuum or an inert gas atmosphere, wherein the average crystal grain diameter of the 
conductive layer is within a range from 0.5 mm to 5 mm, and the standard deviation a of 
the crystal grain diameter is no more than 2 mm. 

The above production method may comprise an additional step for producing the 
conductive layer by heat treating a plate material comprising at least 99.98% by mass of 

20 aluminum, and then conducting rolling with a draft of at least 1 5%. By ensuring a draft 
of at least 15% from the final heat treatment, the 0.2% proof stress value of the 
conductive layer can be set at no more than approximately 35 N/mm 2 , and the Al 
material work hardening coefficient can be set at no more than approximately 0.18. As a 
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result, the effect of the present invention in preventing cracking of the ceramic substrate 
on exposure to repeated temperature variations can be further strengthened. For example, 
if a -40°C to 125°C temperature cycle test is conducted, then the number of cycles before 
cracking develops in the substrate can be increased. A temperature cycle test is a test in 
5 which a temperature treatment, in which a single cycle involves, for example, holding the 
circuit board at -40°C for 30 minutes and then at 125°C for 30 minutes in a thermal 
shock tester, is carried out repeatedly. 

According to the present invention, because the average crystal grain diameter of 
the conductive layer is kept within a range from 0.5 mm to 5 mm, and the standard 

10 deviation a of the crystal grain diameter is no more than 2 mm, anisotropy is unlikely to 
develop in the mechanical characteristics .of the conductive layer, enabling a reduction in 
the occurrence of warping of the circuit board. Furthermore, because the conductive 
layer comprises at least 99.98% by mass of aluminum, the stress alleviating capabilities 
of the layer are good, and cracking of the ceramic substrate is unlikely even when 

15 exposed to temperature variation. Accordingly, the present invention enables not only a 
reduction in the warping of the circuit board, but also enables prevention of other 
problems such as cracking of the ceramic substrate on exposure to temperature variation. 

If the average crystal grain diameter of a conductive layer exceeds 5 mm, then 
anisotropy is more likely to develop in the mechanical characteristics of the conductive 

20 layer, increasing the probability of substrate warping. If the average crystal grain 
diameter is less than 0.5 mm, then the mechanical characteristics can vary, leading to an 
increase in the work hardening coefficient for example, and when the layer is exposed to 
temperature variation, the flow stress can increase, meaning an increased probability of 
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both ceramic substrate cracking, and cracking in the soldered portions of the 
semiconductor chip. If the standard deviation of the crystal grain diameter exceeds 2 mm, 
then the variation in the crystal grain diameter of the conductive layer becomes overly 
large, increasing the possibility of anisotropy developing in the mechanical 
5 characteristics. 

The average crystal grain diameter of the conductive layer is even more 
preferably within a range from 0.8 mm to 1.5 mm, and the standard deviation a of the 
crystal grain diameter is even more preferably 1 mm or smaller. In such cases, problems 
such as cracking of the ceramic substrate on exposure to temperature variation can be 
1 0 even more reliably prevented. 



BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a cross sectional view showing an embodiment of a circuit board 
according to the present invention. 
1 5 FIG. 2 is a cross sectional view describing the degree of warping. 

FIG. 3A and FIG. 3B are schematic illustrations for describing the measurement 
of the crystal grain diameter, wherein FIG. 3A shows an example of crystals according to 
the conventional technology, and FIG. 3B shows an example of the crystals in a 
conductive layer of a circuit board according to the present invention. 
20 FIG. 4 is a cross sectional view showing an embodiment of a power module 

according to the present invention. 

FIG. 5 is a graph showing the relationship between the average crystal grain 
diameter and the temperature cycle lifespan for examples according to the present 
invention. 
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FIG. 6 is a graph showing the relationship between the proportion of the ceramic 
substrate surface area accounted for by the surface area of the largest crystal and the 
degree of warping for examples according to the present invention. 

FIG. 7 is a graph showing the concentration distribution of Si diffused within an 
5 Al plate following bonding. 

DETAILED DESCRIPTION OF THE INVENTION 
As follows is a description of embodiments of a circuit board and a method of 
producing the circuit board according to the present invention, based on the drawings. 
10 FIG. 1 is a cross sectional view showing a circuit board 1 of an embodiment 

according to the present invention. This circuit board 1 comprises Al plates (conductive 
layers) 3 bonded to both surfaces of an insulating ceramic substrate 2 via brazing 
material layers 4. 

There are no particular restrictions on the material used for the insulating ceramic 
15 substrate 2, although preferred materials include either one material, or a composite of 
two materials, selected from a group consisting of Si3N 4 , A1N, and AI2O3. Of these, A1N 
is particularly preferred. A1N has a high thermal conductivity of 170 to 200 W/mK, and 
because this value is similar to that of the Al of the conductive layer, the heat from a Si 
chip mounted on top of the conductive layer can be dissipated rapidly. Furthermore, A1N 
20 has a low coefficient of thermal expansion of 4.3 x 10' 6 /°C, and because this value is 
similar to the coefficient of thermal expansion for a Si chip, cracking is less likely to 
develop in the solder securing the Si chip. There are no particular restrictions on the 
thickness of the insulating ceramic substrate 2, and typical examples are from 0.3 to 1 .5 
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mm. The shape of the insulating ceramic substrate 2 is normally rectangular, although 
other shapes are also possible. 

The Al plates 3 comprise at least 99.98% by mass of Al. If the Al content is 
lower than this value, then the stress alleviating effect of the Al plates 3 is reduced, and 
5 warping of the circuit board 1 or cracking of the ceramic substrate 2 on exposure to 
temperature variations becomes increasingly likely. There are no particular restrictions 
on the thickness of the Al plates 3, and typical examples are from 0.25 to 0.6 mm. In a 
more specific example, the insulating ceramic substrate 2 comprises an A1N plate of 
thickness 0.635 mm, and the Al plates 3 have a thickness of 0.4 mm. The Al plates 3 
10 may be either bonded to the entire surface of the ceramic substrate 2, or bonded to only a 
portion of the ceramic substrate 2. For example, as shown in FIG. 1, the Al plates 3 may 
be formed on only those portions of the ceramic substrate 2 inside, but excluding, the 
periphery. 

There are no particular restrictions on the thickness of the brazing material layers 
15 4, and typical examples are from 0.005 to 0.05 mm. In a more specific example, the 
thickness is approximately 0.03 mm. There are no particular restrictions on the material 
used for the brazing material 4, although one or more materials selected from a group 
consisting of Al-Si based materials, Al-Ge based materials, Al-Mn based materials, Al- 
Cu based materials, Al-Mg based materials, Al-Si-Mg based materials, Al-Cu-Mn based 
20 materials, and Al-Cu-Mg-Mn based materials is preferred. The Al content of all of these 
brazing materials is typically within a range from 70 to 98% by mass. Of these materials, 
Al-Si based brazing materials and Al-Ge based brazing materials are preferred. The 
reason for this preference is that Al-Si based brazing materials and Al-Ge based brazing 
materials are less likely to generate intermetallic compounds, because if these 
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intermetallic compounds are generated, they are likely to be the cause of cracking during 
the aforementioned temperature cycle testing at -40°C to 125°C. Furthermore, because 
these intermetallic compounds are less likely to form, bonding can be conducted at lower 
pressures. One example of an Al-Si based brazing material is an alloy comprising 95 to 
5 75% by mass of Al and 3 to 20% by mass of Si, which has a melting point (eutectic 
point) of 577°C. 

The average crystal grain diameter of the Al plates 3 is within a range from 0.5 
mm to 5 mm, and the standard deviation a of the crystal grain diameter is no more than 2 
mm. If the average crystal grain diameter exceeds 5 mm, then anisotropy is more likely 

10 to develop in the mechanical characteristics of the Al plates 3, increasing the probability 
of warping of the circuit board 1 on exposure to temperature variations. If the average 
crystal grain diameter is less than 0.5 mm, then the work hardening coefficient is likely to 
increase, the flow stress caused by temperature cycles may also increase, and the 
probability of both ceramic substrate cracking, and cracking in the soldered portions of 

15 the Si chip increases. If the standard deviation of the crystal grain diameter exceeds 2 
mm, then the variation in the crystal grain diameter becomes overly large, increasing the 
possibility of anisotropy developing in the mechanical characteristics. 

Measurement of the crystal grain diameter of an Al plate 3 is conducted in the 
manner described below. The surface of Al plate, which is bonded to the insulating 

20 ceramic substrate 2, is subjected to etching, exposing the macro structure of the 
conductive layer. An aqueous solution of NaOH, HF or Ga or the like can be used as the 
etchant. Following etching, the structure is washed with water and dried, and the 
structure of the crystal grains is then inspected using an optical microscope or an electron 
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microscope (SEM). As shown in FIG. 3B, by conducting image processing of the 
microscope image, the average crystal grain diameter and the standard deviation can be 
measured. The maximum crystal grain diameter can also be determined at the same time. 

One example of an image analysis method is described below. First, the surface 
of the Al plate 3 bonded to the ceramic substrate 2 is etched using one of the sets of 
conditions described below, thus preparing a sample in which the macro structure, 
namely the crystal grain boundaries, can be inspected. 

Etching conditions (1): the surface of the Al plate 3 is etched for 3 minutes using 
fluoronitric acid (acidic ammonium fluoride: 100 g/1, nitric acid: 800 ml/1). 

Etching conditions (2): the surface of the Al plate 3 is etched for 20 minutes using 
a 4% by mass aqueous solution of NaOH. 

Etching conditions (3): the surface of the Al plate 3 is polished, Ga is applied, Ga 
is allowed to diffuse into the Al grain boundaries by heating at 50°C for 2 hours, and the 
surface is then polished again to a mirror finish. 

A photograph of the sample is then taken through either an optical microscope or 
an SEM or the like, each of the crystal grain boundaries within the photograph are 
identified using simple CAD software or the like, and image processing is then used to 
determine the surface area S of each crystal grain. These values are converted to an 
average grain diameter value using the formula shown below. 

Average grain diameter = 2 x V(S/7i) 

In addition, the average value of the grain diameter values and the standard 
deviation can then be determined from the distribution of the average grain diameter 
values across the entire photograph. 
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The surface area of the crystal with the maximum crystal grain diameter 
preferably accounts for no more than 15% of the surface area of the insulating ceramic 
substrate 2. In such cases, the degree of warping of the circuit board 1 can be reduced. 

When the Al plates 3 are bonded to the insulating ceramic substrate 2, if the Al 
5 crystals undergo abnormal growth, then anisotropy can develop in the mechanical 
characteristics of the Al plates 3 formed on both surfaces of the ceramic substrate 2, 
leading to a larger degree of warping, but by setting the crystal grain diameter of the Al 
plates 3 in the manner described above, anisotropy in the mechanical characteristics of 
the Al plates 3 can be reduced, thus enabling a reduction in the warping of the circuit 
10 board 1. 

The Al plates 3 bonded to the front and rear surfaces of the insulating ceramic 
substrate 2 are preferably of the same thickness. Furthermore, Al plates 3 are preferably 
bonded to both surfaces of the insulating ceramic substrate 2. The reason for this 
requirement is that if an Al plate 3 is only bonded to one surface, the insulating ceramic 
1 5 substrate 2 is more prone to warping. However, if required, a Al plate 3 may be formed 
on only one surface. 

The Al plates 3 preferably comprise 20 ppm or more of each of Cu, Fe and Si. 
Such compositions enable suppression of excessive Al crystal growth, thus reducing the 
variation in the crystal grain diameter and reducing the probability of a portion of crystals 
20 becoming overly large, and are consequently unlikely to cause mechanical anisotropy. 
Particularly preferred compositions comprise from 20 to 60 ppm of Cu, from 20 to 40 
ppm of Fe, and from 20 to 80 ppm of Cu. If the upper limits of these ranges are 
exceeded, then the 0.2% proof stress value or the work hardening coefficient exceed the 
aforementioned values (no more than approximately 35 N/mm 2 for the 0.2% proof stress, 
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and no more than approximately 0.18 for the work hardening coefficient), and when the 
structure is exposed to temperature cycles, stress can develop at the interface between the 
Al plate and the insulating ceramic substrate, and at the soldered surface of the Si chip 
mounted on top of the conductive layer, leading to cracking of the insulating ceramic 
5 substrate or the solder. 

Next is a description of a method of producing the circuit board 1 described 

above. 

A sheet of brazing material 4, an insulating ceramic substrate 2, another sheet of 
brazing material 4, and an Al plate 3 are overlaid sequentially on top of another Al plate 

10 3. A pressure of 50 to 300 kPa (0.5 to 3 kg£/cm 2 ) is then applied, and the structure is 
heated in a vacuum or an inert gas atmosphere (such as an Ar gas atmosphere) to a 
temperature of at least 600°C, but less than the melting point of the Al plates 3. This 
melts the brazing material 4, and bonds the insulating ceramic substrate 2 and the Al 
plates 3 strongly together. 

15 The heating conditions are set so that the crystal grain diameter conditions 

described above can be satisfied. Following brazing, the structure is cooled to room 
temperature, and the Al plate 3 on one surface is etched into a pattern to form a circuit. 

If the pressure during the lamination process is less than 50 kPa, then there is a 
danger of bonding irregularities occurring. If the pressure exceeds 300 kPa, then the 

20 ceramic substrate 2 is more prone to cracking during the bonding. If the heating 
temperature is less than 600°C, then the bonding is more likely to be unsatisfactory. 
Furthermore, if at least one of the conditions is outside the range specified above, it 
becomes more difficult to satisfy the crystal grain diameter conditions described above. 

12 



In order to measure the degree of warping of a circuit board 1, two points 
separated by 100 mm are taken on a diagonal line across a 100 mm square circuit board 1, 
and the profile curve between these two points is measured using a three dimensional 
measuring device or a laser displacement gauge. As shown in FIG. 2, the maximum , 
5 displacement C between this profile curve and the plane P is then measured. This 
measurement is performed along both intersecting diagonal lines of the circuit board 1, 
and the larger of the two maximum displacement values is defined as the degree of 
warping. 

Crystal growth of the Al plates 3 can be suppressed by increasing the quantity of 
10 added elements, but the mechanical characteristics of the Al itself varies markedly 
depending on the concentration of the added elements, that is, the purity of the Al. In 
order to achieve the crystal grain diameter values described above, the Al plates 3 are 
preferably produced by subjecting a plate material comprising at least 99.98% by mass of 
aluminum to a final heat treatment at a temperature of 200 to 450°C, and then rolling the 
15 plate with a draft of at least 15%. This enables the 0.2% proof stress value of the Al 
plates 3 to be adjusted easily to a value of no more than approximately 35 N/mm 2 , and 
the work hardening coefficient of the conductive layers to be set at no more than 
approximately 0.18. Accordingly, the stress alleviating effect can be enhanced, and the 
cracking of the circuit board during the conducting of -40°C to 125°C temperature cycle 
20 tests can be prevented. Furthermore, provided the draft from the final heat treatment is at 
least 15% for the Al plates 3, excessive growth of the crystal grains is unlikely to proceed. 

According to the present embodiment, even if the insulating ceramic substrate 2 is 
formed from alumina, A1N or Si 3 N 4 or the like with a Young's modulus of approximately 
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320 GPa which requires warp suppression, and even if the brazing material 4 is a 
material such as an Al-Si based material that requires heat treatment at a temperature of 
at least 500°C, and even 600°C or higher, in the temperature range where growth of the 
crystal grains within the conductive layers occurs, by setting the average crystal grain 
diameter of the Al plates 3 within a range from 0.5 mm to 5 mm, and setting the standard 
deviation a of the crystal grain diameter to no more than 2 mm, the occurrence of 
anisotropy in the mechanical characteristics of the Al plates 3 can still be reduced. 
Accordingly, the occurrence of thermal stress caused by a difference in thermal 
expansion between the insulating ceramic substrate 2 and the Al plates 3 can also be 
reduced, enabling the occurrence of warping or cracking in the circuit board 1 to be 
prevented, and enabling the long-term reliability of the circuit board to be improved. 

Next is a description of a power module that represents another embodiment of 
the present invention. A circuit board 1 according to the above embodiment described 
above is mounted to a power module 1 0 according to this embodiment. FIG. 4 is a cross 
sectional view of the power module 10. 

As shown in FIG. 4, the power module 10 comprises either one, or two or more, 
square circuit boards 1 secured to one of the main surfaces of a heat radiating plate 11. 
The heat radiating plate 1 1 is a plate material formed from an Al based alloy plate, and in 
a similar manner to the insulating ceramic substrate described above, preferably displays 
a high thermal conductivity (for example, 1 50 W/mK or greater) and a low coefficient of 
thermal expansion (for example, no more than 10 x 10* 6 /°C). AlSiC based materials, or 
three-layer structures in which Al is bonded to both surfaces of a perforated Fe-Ni alloy 
plate are particularly ideal. Furthermore, although there are no particular restrictions on 
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the thickness of the heat radiating plate 11, typical examples are from 3 to 10 mm. The 
circuit boards 1 are the same as the circuit board of the first embodiment described above, 
and comprise an insulating ceramic substrate 2 of A1N or the like with a thickness of, for 
example, 0.3 to 1.5 mm, and first and second Al plates 3 bonded to both surfaces of the 
5 insulating ceramic substrate 2. The first and second Al plates 3 have a thickness of, for 
example, 0.25 to 0.6 mm. The circuit boards 1 are square with a length along one side of 
no more than 30 mm. 

The circuit boards 1 are brazed to the heat radiating plate 1 1 using a brazing 
material. The brazing material preferably uses one or more materials selected from a 

10 group consisting of Al-Si based materials, Al-Cu based materials, Al-Mg based materials, 
Al-Mn based materials, and Al-Ge based materials. In order to braze the circuit boards 1 
to the heat radiating plate 11, a sheet of brazing material and the circuit boards 1 are 
overlaid sequentially on top of the heat radiating plate 1 1, a pressure of 50 to 300 kPa is 
applied, and the structure is heated to a temperature of 580 to 650°C in a vacuum or an 

15 inert gas atmosphere to melt the brazing material, before being cooled. The brazing 
material preferably has a melting point that is less than the melting point of the brazing 
material 4 described above, and materials with a melting point of 500 to 630°C, for 
example approximately 575°C, are ideal (wherein the melting point refers to the point at 
which the liquidus line is exceeded). In such cases, the heat radiating plate 1 1 and the 

20 first Al plates 3 can be bonded together without any melting of the brazing material 4 
bonding the insulating ceramic substrate 2 and the Al plates 3. 

In a power module 1 0 constructed in this manner, the opposite surface of the heat 
radiating plate 11 is bonded tightly to a water cooled heat sink 14 formed from an Al 
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alloy or the like, by inserting male screws 13 into mounting holes 11a formed in the 
corners of the heat radiating plate 11, and engaging these male screws 13 into female 
screw holes 14a formed in the water cooled heat sink 14. 

A power module 10 constructed in this manner displays the same effects as those 
5 described for the first embodiment. By mounting the circuit boards 1 described above, 
variation in the degree of shrinkage around the edges of the circuit boards 1 during heat 
cycles can be suppressed to comparatively low levels, and the heat cycle lifespan of the 
power module 10 can be extended. As a result, the reliability of the power module 10 
can be improved. 

10 

EXAMPLES 

As follows is a description of examples of the present invention. 
Example 1 

A power module of the structure shown in FIG. 4 was prepared. 

15 On both surfaces of an A1N ceramic substrate 2 of dimensions 50 mm x 50 mm x 

0.635 mm were bonded Al plates 3 with the same length and width dimensions as the 
insulating ceramic substrate 2 but with a thickness of 0.4 mm, thus preparing a circuit 
board 1 . The Al plates 3 were prepared by a final heat treatment at 450°C, followed by 
rolling with a draft of 30%, and comprised 99.99% by mass of Al, as well as 23 ppm of 

20 Cu, 30 ppm of Si, and 33 ppm of Fe. The brazing material 4 used an Al-Si based brazing 
material comprising 8% by mass of Si. The melting point of this brazing material was 
626°C. With an Al plate 3, a sheet of the Al-Si based brazing material 4, the insulating 
ceramic substrate 2, another sheet of the Al-Si based brazing material 4, and another Al 
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plate 3 overlaid on top of one another, in that order, the layers were bonded together by 
subjecting the layered structure to a pressure of 200 kPa, heating at 630°C in a vacuum, 
and after 10 minutes at this temperature, cooling the bonded structure. 

Subsequently, a heat radiating plate 1 1 formed from AlSiC with dimensions of 
100 mm x 100 mm x 3 mm and a series of Si chips 16 were prepared, and the circuit 
boards 1 , the heat radiating plate 1 1 , and the Si chips 1 6 were brazed together with solder, 
thus completing the power module 10. 30 of these power modules 10 were prepared, and 
used as samples of the example 1 . 
Examples 2 to 12 and Comparative Examples 1 to 6 

The material for the insulating ceramic substrate, the brazing material, the final 
draft, the level of Al purity, and the quantities of Cu, Si, and Fe were varied as shown in 
Table 1, and 30 power modules were prepared for each example. In the case of the 
comparative examples, each comparative example was prepared with one property 
outside of the ranges specified by the present invention, namely, the Cu quantity in the 
comparative example 1 , the Si quantity in the comparative example 2, the Fe quantity in 
the comparative example 3, the final draft in the comparative example 4, and the level of 
Al purity in the comparative example 5. In the comparative example 6, an Al plate was 
bonded to only one surface of the insulating ceramic substrate. 

The surface of the Al plate 3 in a sample of each of the examples 1 to 12 and the 
comparative examples 1 to 6 was etched with a 2 to 5% aqueous solution of NaOH to 
expose the underlying macro structure, the crystal grain structure was inspected using an 
electron microscope (SEM), and image processing was then conducted to determine the 
average crystal grain diameter, the standard deviation, the maximum crystal grain 
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diameter, and the proportion of the surface area of the insulating ceramic substrate 2 
accounted for by the surface area of the crystal within the conductive layer with the 
maximum crystal grain diameter. The crystal grain diameter values were determined by 
measuring the surface area (S) of the crystal grain, and then doubling the value of the 
radius, obtained by taking the square root of the surface area value divided by pi (n) (2 
x V(S/7t)). The results are shown in Table 1 . 
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8wt%Si 


15% 


99.99% 


20 ppm 


20 ppm 


20 ppm 


3.9 


1.3 


4.8 


Example 
11 


A1N 


Al- 

12wt%Si 


15% 


99.99% 


20 ppm 


20 ppm 


20 ppm 


4.2 


1.4 


4.9 


Example 
12 


AIN 


Al- 

45wt%Ge 


15% 


99.99% 


20 ppm 


20 ppm 


20 ppm 


4.1 


1.5 


4.8 


Comparative 
example 1 


A1N 


Al- 

8wt%Si 


30% 


99.99% 


16 ppm 


32 ppm 


31 ppm 


22.9 


15.5 


84.9 


Comparative 
example 2 


AIN 


Al- 

8wt%Si 


30% 


99.99% 


25 ppm 


12 ppm 


16 ppm 


4.3 


3.2 


14.9 


Comparative 
example 3 


AIN 


Al- 

8wt%Si 


30% 


99.99% 


23 ppm 


28 ppm 


10 ppm 


3.8 


3.2 


15.0 


Comparative 
example 4 


AIN 


Al- 

8wt%Si 


10% 


99.99% 


23 ppm 


28 ppm 


39 ppm 


3.2 


3.5 


17.2 


Comparative 
example 5 


AIN 


Al- 

8wt%Si 


30% 


99.95% 


350 
ppm 


500 
ppm 


450 
ppm 


21.9 


5.5 


46.7 


Comparative 
example 6 


AIN 


Al- 

8wt%Si 


30% 


99.99% 


23 ppm 


30 ppm 


33 ppm 


2.9 


0.7 


4.7 
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Comparative Tests and Evaluations 

Power modules from each of the examples 1 to 12 and the comparative examples 
1 to 6 were set in a thermal shock tester, and a temperature treatment, in which a single 
5 cycle involved -40°C for 30 minutes, room temperature for 30 minutes, 125°C for 30 
minutes, and then room temperature for 30 minutes, was carried out repeatedly. After the 
completion of 1 00 temperature cycles, the sample was inspected for peeling between the 
circuit board 1 and the heat radiating plate 11, and between the insulating ceramic 
substrate 2 and the Al plate 3, and if no peeling was observed, the sample was subjected 

10 to a further 100 temperature cycles. This process was repeated, and the number of 
temperature cycles required until peeling was observed was recorded as the temperature 
cycle lifespan. The existence of peeling was determined by inspection under a 
magnifying glass. The results are shown in Table 2. 

The degree of warping was also measured for each circuit board 1. Of the 30 

1 5 samples, the number of samples for which problems developed in the production steps 
following bonding of the Al plates 3 was counted. This number of problems refers to the 
number of power modules for which problems occurred during either the circuit board 
production process, or the assembly process for producing the power module using the 
insulated circuit board. Examples of specific problems include excessive warping 

20 leading to cracking of the ceramic substrate upon mounting to the stage used for securing 
the substrate during the resist printing step required for forming the circuit pattern, and 
the development of solder voids during the soldering of the heat sink due to the warping. 
These results are also shown in Table 2. 
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Table 2 



No. 


Degree of 
warping (urn) 


Number of problems 
during production 


Temperature cycle test results 


Example 
1 


46 


0/30 


Good for at least 3000 cycles 


Example 
2 


32 


0/30 


Good for at least 3000 cycles 


Example 
3 


40 


0/30 


Good for at least 3000 cycles 


Example 
4 


38 


0/30 


Good for at least 3000 cycles 


Example 
5 


39 


0/30 


Good for at least 3000 cycles 


Example 
6 


48 


0/30 


Good for at least 3000 cycles 


Example 
7 


35 


0/30 


Good for at least 3000 cycles 


Example 
8 


33 


0/30 


Good for at least 3000 cycles 


Example 
9 


40 


0/30 


Good for at least 3000 cycles 


Example 
10 


45 


0/30 


Good for at least 3000 cycles 


Example 
1 1 


48 


0/30 


Good for at least 3000 cycles 


Example 
12 


48 


0/30 


Good for at least 3000 cycles 


Comparative 
example 1 


305 


5/30 


Solder between the insulated circuit board and the heat sink 
cracked after 1 500 cycles 


Comparative 
example 2 


213 


3/30 


Solder between the insulated circuit board and the heat sink 
cracked after 1 500 cycles 


Comparative 
example 3 


195 


3/30 


Solder between the insulated circuit board and the heat sink 
cracked after 1 500 cycles 


Comparative 
example 4 


50 


3/30 


Solder between the insulated circuit board and the heat sink 
cracked after 1 500 cycles 


Comparative 
example 5 


225 


4/30 


Peeling at the interface between the surface Al of the 
insulated circuit board and the ceramic after 500 cycles 


Comparative 
example 6 


315 


4/30 


Solder between the insulated circuit board and the heat sink 
cracked after 1500 cycles 



As shown in Table 1, in the examples 1 to 12, by forming the Al plates 3 from a 
material for which the final draft was at least 15% and the purity was at least 99.98% by 
mass, and which comprised at least 20 ppm of Cu, at least 20 ppm of Si, and at least 20 
ppm of Fe, the average crystal grain diameter fell within a range from 0.5 mm to 5 mm, 
and the standard deviation <r of the crystal grain diameter was no more than 2 mm. The 
power modules of the examples 1 to 12 all displayed favorable temperature cycle lifespan 
values. 
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In contrast, in the comparative examples 1 to 6, which did not satisfy all of the 
above conditions, the average crystal grain diameter values and the standard deviations 
did not satisfy the criteria of the present invention, and the temperature cycle lifespan 
values were shorter. 

5 FIG. 5 shows the relationship between the average crystal grain diameter 

determined by testing, and the temperature cycle lifespan. From FIG. 5 it is evident that 
if the average crystal grain diameter is less than 0.5 mm, the temperature cycle lifespan 
shortens considerably to no more than 3100 repetitions. Furthermore, it is also evident 
that if the average crystal grain diameter for the conductive layer is within a range from 

10 0.8 mm to 1.5 mm, then the temperature cycle lifespan is markedly longer, at 
approximately 5000 repetitions. 

FIG. 6 shows the relationship between the proportion of the surface area of the 
insulating ceramic substrate accounted for by the surface area of the crystal within the 
conductive layer with the maximum crystal grain diameter, and the degree of warping. 

15 From FIG. 6 it is evident that if the maximum crystal grain diameter portion exceeds 
1 5% of the entire substrate surface area, then the degree of warping of the substrate over 
a distance of 50 mm rapidly increases to a value of at least 120 |am. 

When the Si concentration within the Al plates was measured, it was found that 
during bonding of the Al plate and the A1N substrate, the Si contained within the brazing 

20 material diffuses into the Al plate. FIG. 7 is a graph showing the relationship between 
the distance X penetrated into the Al plate from the A1/A1N bonding interface, and the Si 
concentration. As shown in this graph, the depth to which the Si diffused was 
approximately 0. 1 mm from the A1/A1N bonding interface. Accordingly, by performing 
an elemental analysis of the surface layer portion of the Al plate (with a thickness of 
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approximately 0.1 mm for example), the inherent composition of the Al plate can be 
measured without any effect from the Si diffusion of the brazing material. Accordingly, 
microanalysis of Si: 20 to 60 ppm, Fe: 20 to 40 ppm, and Cu: 20 to 80 ppm can be 
performed with ease. 

5 As shown in FIG. 7, in the vicinity of the Al plate/AIN substrate bonding 

interface, approximately 0.1% by mass of Si has diffused into the Al, causing a reduction 
in the Al purity to approximately 99.90% by mass. This type of Si diffusion means the 
portion of the Al plate in the vicinity of the bonding interface becomes relatively stronger, 
thus preventing the development of cracking. The remaining portion of the Al plate (a 
1 0 region incorporating approximately 3/4 of the plate surface) is retained as high purity Al, 
meaning the flow stress is small, and thus enabling the stress acting on the A1N substrate 
during temperature cycle testing to be reduced. 

INDUSTRIAL APPLICABILITY 
1 5 According to the present invention, not only can warping of the circuit board be 

reduced, but the occurrence of problems such as cracking of the ceramic substrate on 
exposure to temperature variation can also be prevented. 
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